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ABSTRACT 
Nanoplasmonic systems are valued for their strong optical response and their small size. Most 
plasmonic sensors and systems to date have been rigid and passive. However, rendering these 
structures dynamic opens new possibilities for applications. Here we demonstrate that 
dynamic plasmonic nanoparticles can be used as mechanical sensors to selectively probe the 
rheological properties of a fluid in situ at the nanoscale and in microscopic volumes. We 
fabricate chiral magneto-plasmonic nanocolloids that can be actuated by an external magnetic 
field, which in turn allows for the direct and fast modulation of their distinct optical response. 
The method is robust and allows nanorheological measurements with a mechanical sensitivity 
of ~0.1 cP, even in strongly absorbing fluids with an optical density of up to OD~3 (~0.1% 
light transmittance) and in the presence of scatterers (e.g. 50% v/v red blood cells).  
KEYWORDS.  
Magneto-plasmonics, chiral plasmonics, chiroptical switch, nanorheology 
 
The resonant optical field enhancement in plasmonic nanostructures is of interest in 
research disciplines ranging from sensing to energy conversion, and is the basis for modern 
advances in metamaterials and the associated capabilities in shaping electromagnetic fields1-3. 
The scope of potential applications of nanoplasmonic structures is greatly extended by 
tailoring the nanostructure, for instance to shift the resonance frequency while keeping the 
overall size of the nanoparticle small4-7, or by incorporating diverse functionalities, such as 
magnetic8, chiral9, and electrical10. Recent fabrication advances have also allowed the 
programmatic growth of nanoparticles that lack mirror symmetry11-15. Such chiral 
nanoparticles mimic their molecular counterparts by exhibiting optical activity, but with 
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chiroptical effects many orders of magnitude stronger than what is observed in  molecules9, 16, 
17 . These multifunctional nanoparticles promise new capabilities in sensing18, 19.  
One particularly challenging application is the measurement of rheological properties in 
complex fluids. Such systems contain a mixture of multiple phases; for instance, many 
biological fluids contain solids consisting of isolated microparticles or a network of 
macromolecules suspended in a fluid phase20. Because of the solid phase, macroscopic 
rheological measurements will generally show non-Newtonian viscoelastic behavior even if 
the liquid phase is a simple Newtonian fluid21. For instance, the viscosity of blood plasma is a 
crucial indicator for clinical diagnoses22, 23, but cannot be determined in whole blood due to 
the presence of leukocytes (10-15 µm) and erythrocytes (6-8 µm)24, 25. Furthermore, the solid 
phase in complex fluids, such as blood cells, contributes to absorption and scattering which 
complicate optical measurements. 
By combining multiple materials and shape control, we here introduce chiral magneto-
plasmonic structures that can be actuated in solution. Since the chiroptical spectrum depends 
on the alignment of the chiral structure (Figure 1a), we can achieve chiroptical switching and 
exploit it for nanorheological measurements using picomolar probe concentrations. The 
scheme works by using the modulated chiroptical signal to measure the phase lag between the 
applied field and the particle’s orientation and thereby determine the torque applied to the 
particles (Figure 1c). The chiral shape permits background-free differential absorption 
measurements even in whole blood, where conventional plasmonic absorption measurements 
would be impossible due to the large background optical extinction (optical density~3). 
Because the active plasmonic nanostructures are much smaller than the suspended 
microparticles (cells), they probe only the fluid phase – in the case of blood, the blood plasma 
(Figure 1b) – and unlike macroscale instruments are insensitive to the solid phase even at very 
high volume fractions. Such an in situ observations of the fluid viscosity would not be 
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possible with a conventional rheometer or viscometer, which typically requires much larger 
volumes of the target fluid (> 10 mL). 
Active plasmonic systems have recently been developed by controlling either the 
electromagnetic radiation applied to the metallic nanostructure26-29 or the dynamics of the 
nanostructures30-34. However, to the best of our knowledge, there are no plasmonic systems 
that can be switched repeatedly at high frequency and that satisfy the minimum requirements 
for in situ active nanorheology in a complex fluid: (1) a distinguishable optical contrast 
despite strong extinction (and no bleaching), (2) small size relative to the suspended 
microparticles (e.g. erythrocytes)35, 36, and (3) high nanoparticle monodispersity for a precise 
hydrodynamic response37. These criteria are satisfied by the ~170 nm magneto-plasmonic 
nanohelices shown in Figure 2. Briefly, their fabrication is based on a published combination 
of block-copolymer micelle nanolithography (BCML)38 and physical vapor glancing angle 
deposition (GLAD)39, which we term nanoGLAD12. BCML is used to form a quasi-hexagonal 
array of Au nanoparticles with diameter 12±2 nm and an interparticle distance ~100 nm on a 
silicon wafer. Vapors of elemental Au and Fe were then co-deposited in a 1:1.5 ratio onto the 
nano-patterned substrate using a dual e-beam system to generate an array of Au-Fe 
nanohelices. Sonication in a fluid readily detaches the helices from the wafer to yield the 
nanocolloidal suspension used in our experiments, Figure 2a-b. Details of the geometry and 
material composition are given in Supporting Information Note S1. Magnetic actuation of the 
nanoparticles is possible due to the presence of Fe (Figure 2c). Superconducting quantum 
interference device (SQUID) magnetometry was carried out on the array of Au-Fe 
nanohelices when they were still attached to the wafer. As expected, the helices display 
ferromagnetic behavior, having a coercive field of 29.5 mT and a remanence of 1.2 × 10 
emu per single helix, as seen in Figure 2d. 
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 In dilute suspensions, where the inter-particle separations are large, the nanoparticles will 
independently undergo Brownian motion and thus maintain random orientations in space. In 
this isotropic state, the optical response is simply given by the average response across all 
possible nanoparticle orientations. The optical properties of a suspension containing the 
nanohelices in the unaligned, isotropic state are summarized in Figure 2e. The extinction 
spectrum, measured by UV-VIS-NIR spectrometry, shows a wide featureless spectrum typical 
of mixing a lossy material (Fe) with the plasmonic metal Au 40, 41  . However, the power of 
circular dichroism (CD) spectroscopy is apparent in the strong, sharp chiroptical response of 
the Au-Fe nanohelix metafluid. At a peak wavelength of 690 nm, it exhibits a molar CD = 
~14×109 o·M-1·cm-1, stronger than that observed for other chiral assembled plasmonic 
systems11, 42-44. Complex fluids, such as blood, whose rheology we set out to measure 
generally show no measurable chiroptical response of their own in this spectral region45. Thus 
the chiroptical spectrum of chiral nanoparticles dispersed in such media is not affected by the 
background extinction from the fluid and can be ‘seen’, even in the presence of absorbers and 
strong scatterers.  
Application of an external field causes alignment of the magnetic particles due to the 
natural magnetic anisotropy along the long axis of the helix46. In the static regime, a weakly 
ferromagnetic Au-Fe nanohelix will orient so that its magnetic moment m, and hence its 
body, lies parallel to the magnetic field, 	. However it retains rotational freedom to spin about 
its body-axes. The optical response of an asymmetric particle depends on its orientation 
relative to the wave vector 
 of the incoming beam. For linearly polarized light the optical 
response will be a function of two angles:  between 	 and 
 (assuming that B||m) and the 
angle between 	  and the plane of polarization. However, since circularly polarized light 
possesses no plane of polarization, the chiroptical response measured by CD spectroscopy 
will be a function of only the single parameter . Thus, in the chiral metafluid, the magnetic 
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modulation effectively switches the isotropic medium into a uniaxial one, where the principal 
axis is defined by the magnetic field direction.  
In our experiments, the orientation of the Au-Fe nanohelices in solution was modulated by 
an external magnetic field generated by a gradient-free 3D Helmholtz coil (See Figure S1). 
Based on the magnetic moment per particle, the minimum field strength to achieve 
orientational alignment is expected to be only ~0.4 mT at room temperature (See Supporting 
Information Note S2). Thus, the experiments were conducted with magnetic fields |	| > 0.4 
mT (approx. 10 times Earth’s magnetic field) to ensure alignment of the nanocolloids. Higher 
fields can exert stronger torques. Since a gradient-free field was used, the translational 
diffusion of the particles was unaffected, even as the rotational diffusion was suppressed. 
Real-time direct observation of the colloidal nanohelices was performed with dark-field 
optical microscopy (see Supporting Information Note S3). The image panels in Figure 3a 
show consecutive dark-field images of a single Au-Fe nanohelix captured during continuous 
in-plane rotation driven by the applied magnetic field (	 = 5 mT with  	= 1 Hz, in a 50% 
glycerol-water mixture). The features of the helix are too small to be resolved so it appears as 
an elongated ellipse; crucially, the ellipse axis, which corresponds to the helix axis, rotates in 
alignment with the magnetic field direction. Thus, the magnetic moment of the nanohelix 
allows an external magnetic field of this strength to control its orientation. 
The effect of the nanocolloids’ orientation on the chiroptical response was evaluated 
through CD spectra acquired at various magnetic field orientations. (See Figure S1b). At  = 
0o, the maximum molar CD of the Au-Fe nanohelices was ~36×109 o·M-1·cm-1 (See 
Supporting Information Note S4). We characterize the effect through the differential circular 
dichroism ∆CD = CD() – <CD> to emphasize differences between CD(), the signal with 
the magnetic field oriented at	, and <CD> the isotropic case with 	 = 0. The spectra in 
Figure 3a show the experimental ∆CD spectra in response to applied magnetic fields at 
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different orientations (See Figure S10 for full spectra). They show a clear modulation of the 
signal, with a symmetry that reflects the underlying symmetries of the particles and the 
imposed constraints. First, the spectra are invariant under π-rotation of   due to the C2 
symmetry of the helix. Second, the helices’ unconstrained degree of freedom about their axis 
means that CD() = CD(−). Figure 3b shows the differential CD spectra displayed as 2D 
maps in terms of λ and  . These results are in excellent agreement with numerical 
simulations using the discrete dipole approximation (See Figure 3c, and Supporting 
Information Note S5 for details of numerical calculation method). 
Figure 3d shows ∆CD profiles at wavelengths λ= 360 nm and 1,000 nm, where the ∆CD 
responses were minimal and maximal at θB = 0° respectively, acquired with static magnetic 
fields at specified angles. For the long wavelength spectral curve at 	= 0
o, the CD is over 
200 mdeg higher than in the isotropic state. With increasing  the differential CD diminishes 
until it reaches a minimum at  = 90
o. The λ = 360 nm curve follows the opposite trend. The 
two curves cross each other, and the ∆CD = 0o axis at an angle of ~50 o. The lower panel of 
Figure 3d shows the corresponding results from numerical simulations. High frequency 
modulation of the magnetic field leads to rapid, synchronous and reversible modulation of the 
differential CD. Figure 3e shows the differential CD at 360 and 1000 nm in response to a 
magnetic field slowly rotating at  = 1Hz in the plane of incidence. The dominant frequency 
component of the resulting optical modulation is at twice the drive frequency 2 because of 
the two-fold rotational symmetry observed in Figure 3a. Particles that lack C2 symmetry, or 
have their axis of rotation misaligned with respect to the rotation axis of the magnetic field 
would contribute to intensity at  in the discrete Fourier transform of the CD. The small 
component at , having a strength less than 30 dB below the dominant harmonic, attests to 
the uniformity of the nanohelices, and their high degree of magnetic alignment (see Figure 
S11). 
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Switching the magneto-plasmonic nanohelices is the basis for their use as nanorheological 
probes that can operate even in complex fluid environments with strong absorption and a 
large volume fraction of scattering microparticles. We subject the magnetic helices to a 
rapidly rotating magnetic field and measure the phase and amplitude of the resulting CD 
signal. Figure 1c shows a helix rotating at an angular frequency  in response to a magnetic 
field rotating at frequency  . Viscous drag causes a phase lag   between the rotating 
magnetic field and the particle’s magnetic moment m, which is fixed to its orientation.47 In 
the steady state,  = 2 ,	the balance of torques means that the phase angle is related to the 
drive frequency according to 48(see Supporting Information Note S6 for more details) 
sin =

 
! ,      (1) 
where " is a constant describing the hydrodynamic shape of the nanohelix (" = 8$% for a 
sphere)49, &'  is the magnetic remanence of a single Au-Fe nanohelix, and !  is the local 
viscosity. The key insight is that the modulated chiroptical signal reflects the particle’s 
alignment m and can therefore be used to extract the otherwise unknown phase angle . 
Phase sensitive measurements of the CD in response to the rotating magnetic field at 	 = 3 
mT are shown in Figure 4a (see also Figure S12). For this only one operating wavelength is 
necessary so that we have selected the wavelength at λ = 880 nm, where the optical density is 
maximal among the target systems used for nanorheology in this Letter (e.g. Figure 5a). At 
higher frequencies (> 50Hz) the viscous drag exceeds the magnetic torque and the nanohelices 
no longer rotate synchronously, but in the synchronous regime sin is proportional to the 
frequency. As shown in Figure 4b, the slope +sin/+	is itself linearly dependent on the 
dynamic viscosity of the medium (See Figure S13 for the results under different viscous 
conditions). So by calibrating the response in a series of glycerol-water mixtures with known 
viscosities we can recover the value for the sole free parameter, the shape constant "  = 
1.35×107 nm3 (see Supporting Information Note S6 for comparison with calculated values). 
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This process allows the nanohelices to be used as calibrated probes of their local rheological 
environment.  
Using the same experimental procedure, we measured the viscosities of complex fluids 
composed of different volume fractions of 8 µm polystyrene microspheres with a fluid phase 
of water or 20% glycerol-water. Adding the microspheres produces a slurry and leads to a 
dramatic increase in the sample’s optical density, as seen in the left panel in Figure 4c, which 
rises from below OD 0.5 to OD ~2.5 (< 1% light transmittance) (see also Figure S14). Sample 
opacities this high normally make optical measurements challenging. Nevertheless, the CD 
response from the magneto-plasmonic nanohelices is still apparent (see right panel in Figure 
4c). The measured nanoscale viscosity (Figure 4d) shows no substantial change in response to 
the increase in the microsphere volume fraction v./ but clearly distinguishes the differences in 
fluid phase viscosity between the water (red) and 20% glycerol (blue) samples. Figure 4e 
shows that the measured relative dynamic viscosity !' =
0
01
,	where !2 is the viscosity of the 
fluid phase, is essentially independent of the volume fraction of microspheres. On the other 
hand, the macroscale viscosity, characterized by the Krieger-Dougherty  model, is over 10 
times higher at a volume fraction of 50%21. The difference arises because macroscopic 
rheometry measures the complex viscoelastic contributions of the microspheres, whereas the 
nanohelices only measure the unchanging nanoscale viscosity of the interstitial fluid. Thus, 
nanohelices are able to measure the nanoscale mechanical properties of a matrix phase even in 
the presence of aggregates that strongly affect the optical extinction and macroscale rheology.  
This sensing scheme can be extended to biological fluids. Blood is a particularly 
challenging test case as it strongly absorbs light50. However, we conducted experiments on 
isolated blood plasma, and blood plasma reconstituted with four different hematocrit 
concentrations (blood cell volume fractions). Again, adding red blood cells (erythrocytes) 
leads to a significant increase in the sample’s optical density (up to OD~3, see left panel in 
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Figure 5a), but the CD response from the helices is still measureable through whole blood in 
the spectral range from ~600 nm to ~1,100 nm (right panel in Figure 5a). One important 
consideration when using nanoparticles in real bio-fluids is the formation of protein coronas. 
These diffuse shells of proteins aggregated around the nanoparticle can affect its dynamics51, 
52.  To minimize differences between samples of different hematocrit levels, we adopted a 
standardized procedure whereby the nanoparticles were mixed in pure blood plasma to 
develop the corona, before introducing the erythrocytes and then quickly performing the 
nanorheological measurement (Figure S15). Control tests in phosphate buffer saline indicate 
that the colloids are stable over timescales longer than the 5 min it takes to make a rheological 
measurement (see Supplementary Fig. S16). Figure 5b shows the observed blood viscosities 
as a function of hematocrit concentration. Clear differences are apparent between the macro-
rheological measurements (blue and green), which rise with hematocrit percentage, and the 
nano-rheological measurements (red), which show a low and constant viscosity (e.g. p < 
0.001 at 50% hematocrit, see also Figures S17-18). Such measurements therefore represent an 
novel means for observing blood plasma viscosity, an important indicator in the diagnosis of 
chronic disorders, malignancy, vascular diseases, hematological cancers, and cardiovascular 
diseases22, 23, without the need to first separate blood cells from whole blood.  
We have demonstrated that chiral magneto-plasmonic particles can be used for 
nanorheological measurements. The combination of a magnetic and a plasmonic material in a 
chiral shape gives rise to distinct optical spectra that are a function of the nanocolloids’ 
orientation in solution. A rotating magnetic field was used to actuate the nanocolloids and 
produce a modulated optical response. Such dynamically controllable chiroptical 
nanostructures have potential in their own right as nanoscale sensors, switches18, 19, 43, 53 and 
probes of higher order quadrupolar interaction terms that would normally be undetectable 
because of orientational averaging54. Here we have demonstrated that the chiral nanohelices 
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function as wireless mechanical nanosensors capable of selectively measuring a fluid’s 
viscosity even in the presence of scatterers and strong absorption, e.g. blood cells (50% 
volume fraction and OD~3). The presence of microparticles and cells can dominate any 
macroscopic rheological measurement, but they do not directly affect a nanorheological 
probe. Such optical (plasmonic) sensing methods could be appealing for medical applications, 
as they allow for non-invasive measurements. We therefore see ‘in situ active nanorheology’ 
as a promising candidate for the measurement of  viscosity in complex biological fluids, such 
as blood plasma55 in whole blood, with only microscopic sample volumes required. We also 
believe that this scheme can be applied to fluids with non-Newtonian properties47, this would expand 
its breadth to include measurement of the nanoscale mechanics of biomaterials such as the intracellular 
matrix.  
Page 11 of 22
ACS Paragon Plus Environment
Nano Letters
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 Figure 1. In situ active nanorheology with magneto-plasmonic enantiomorphs. (a) Principle 
of the magnetically driven chiroptical switching. Under the application of an external 
magnetic field 	 the ferromagnetic nanostructures align, and the CD response of a solution of 
chiral nanocolloids is modulated. (b) Schematic depicting a rotating magneto-plasmonic 
nanoprobe in a complex and optically dense medium (here blood plasma surrounded by 
erythrocytes). (c) Definition of the angles and parameters used in the nanorheological 
experiments (	: applied magnetic field, 3: magnetic moment along the long axis of the 
nanohelix, 
: wave vector of the incident light, : phase lag between	  and 
,  : angle 
between 	 and 
, : angle between  3 and 
, : angular velocity of the nanohelix).  
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 Figure 2. Characterization of magneto-plasmonic enantiomorphs. (a) A colloidal suspension 
of Au-Fe nanohelices after sonication. (b) a bright-field transmission electron microscopy 
(TEM) image, (c) an scanning TEM (STEM) image and serial energy dispersive x-ray 
spectroscopy (EDX) false-color elemental map of the 2-turn Au-Fe nanohelix ~170 nm in 
height. (d) A magnetic hysteresis curve of an array of the Au-Fe nanohelices measured on a Si 
substrate with a static magnetic field along the long axis of the nanohelices, ranging from -
400 mT to 400 mT (coercive field: ~29.5 mT). The inset shows the full hysteresis curve 
ranging from -5T to 5T. (e) CD spectrum (blue line and left y-axis) and UV-Vis-NIR 
spectrum (red line and right y-axis) of the colloidal Au-Fe nanohelices at 	 = 	0 (isotropic 
state).   
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 Figure 3. Magnetically driven chiroptical switching of the colloidal Au-Fe nanohelices. (a) 
∆CD responses of the Au-Fe nanohelices as a function of λ under a static magnetic field (	 =	 
1 mT) at 45o angular intervals. The spectra show a wavelength range of 230-1,100 nm on the 
x-axis, and ∆CD from -0.3o to 0.3o on the y-axis. The dark-field images of a single Au-Fe 
nanohelix (scale bar: 1 µm) are snapshots taken during continuous in-plane rotation and are 
shown next to the corresponding ∆CD spectra from an ensemble of particles, (See Supporting 
Information Video 3). 2D maps of (b) experimental and (c) theoretical ∆CD responses of the 
Au-Fe nanohelices as functions of λ (x-axis) and   (y-axis). (d) ∆CD response of the 
colloidal Au-Fe nanohelices as a function of   (upper plots: experimental results at two 
wavelengths λ = 360 nm (violet) and λ =1,000 nm (red), lower plots: theoretical results at λ = 
365 nm (violet) and λ = 1,008 nm (red)). (e) ∆CD response of the colloidal Au-Fe nanohelices 
at λ = 360 nm (violet) and λ = 1,000 nm (red) recorded for a rotating field 	 with 	= 1 Hz, 
showing stable signals under continuous switching.  
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Figure 4. In situ active nanorheology. (a) Phase angle,  of the colloidal Au-Fe nanohelices 
in the presence of different concentrations of a glycerol-water mixture as a function of  (at 
	 = 3 mT, λ = 880 nm at T = 20oC). (b) The corresponding slopes, +sin/+, as a function 
of the dynamic viscosity of the medium, η. (c) Extinction (left panel) and CD (right panel) 
spectra of the colloidal Au-Fe nanohelices in water in the presence of polystyrene particles (8 
µm in diameter) with different volume fractions (top: 0%, middle: 33%, bottom: 50%). The 
extinction spectra are featureless, whereas a clear CD peak is discernible even at high particle 
fraction. (d) Dynamic viscosity as a function of the volume fraction of the polystyrene 
microspheres in water (red squares) and 20% glycerol (blue circles). (e) The corresponding 
relative dynamic viscosities, !'  at the nanoscale (red squares and blue circles) and at the 
macro scale (solid line)21, 56. 
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 Figure 5. In situ active nanorheology in blood. (a) Extinction and CD spectra of the colloidal 
Au-Fe nanohelices as a function of λ in bovine blood plasma surrounded by the erythrocytes 
at different volume fractions (top: 0%, middle: 33%, bottom: 50%). (b) The measured 
dynamic viscosity, !  of the bovine blood plasma in the presence of red blood cells with 
different hematocrit level. The macroscopic measurements were made at different shear rates 
(green top triangles: 2.4 s-1 and blue bottom triangle: 49.2 s-1). The star symbols (*) represent 
the statistical analysis of the measured viscosities at 0% and 50% hematocrit (rheometer: n=3, 
nanoprobe: n=4). *p > 0.1, **p < 0.01, and **p < 0.001 (one-way ANOVA). 
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METHODS 
Block copolymer micelle nanolithography (BCML): The hexagonal array of Au 
nanoparticles was prepared using block-copolymer micelle nanolithography as previously 
reported38. Poly (styrene)-b-poly (2-vinylpyridine) (S units: 1056; VP units: 671) was 
dissolved in toluene at a concentration of 4 mg·mL-1 and stirred overnight. HAuCl4·3(H2O) 
was added to the polymer solution at a molar ratio of 0.5 per vinyl pyridine unit and stirred for 
at least 48 hrs. Spherical micelles, loaded with Au salts in the core, form by self-assembly. 
The micelles are spin-coated onto a two-inch Si wafer at 8000 rpm for 1 min where they form 
a quasi-hexagonally close-packed monolayer. Subsequent plasma treatment under 10% H2 
and 90% Ar plasma (power: 350 W, pressure: 0.4 mbar, time: 45 min) reduces the Au to form 
nanoparticles with ~12 nm in diameter and spaced ~100 nm apart (as measured by scanning 
electron microscopy (SEM)). 
Nano Glancing angle deposition (nanoGLAD): Au-Fe nanohelices were grown on the 
array of the Au nanoparticles in a custom-built GLAD system at T = 90K, based on co-
deposition from two electron-beam evaporators with a base pressure of 1×10-6 mbar. The 
substrate manipulator provides independent control over the azimuthal direction φ, and 
molecular flux direction α during deposition. To grow nanohelices, the flux angle α and the 
azimuthal rotation rate per unit thickness dφ/dw were kept to respectively 87o and 1.8±0.1 
o/nm with closed-loop feedback based on measurements of material deposition rates on a 
quartz crystal monitor. The alloy stoichiometry was controlled by measuring and controlling 
the deposition rates from each evaporator independently to maintain the desired ratio. 
Preparation of colloidal solution: The grown nanohelices were removed from the wafer 
by bath sonication of a wafer piece in an aqueous solution of 1 mM sodium citrate for ~2 min.  
Page 17 of 22
ACS Paragon Plus Environment
Nano Letters
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
SEM, TEM, and STEM-EDX analysis: Structures were imaged with SEM (Gemini ultra 
55, Zeiss), TEM (CM200, Philips), and STEM (SESAM, Zeiss). TEM samples were prepared 
by drop casting ~10 µL of the colloidal solution onto a Holey® carbon coated TEM grid (Cu 
400 mesh), followed by drying under a gentle flow of Ar gas. Bright-field TEM images were 
recorded under an accelerating voltage of 200 kV. 
UV-VIS-NIR spectroscopy and CD spectroscopy: Extinction spectra of the nanocolloids 
were measured on a Cary UV-VIS-NIR 5000 spectrophotometer. Circular dichroism spectra 
were obtained with a Jasco J-810 circular dichroism spectrometer. All the spectra were 
measured with a scan rate of 500 nm·min-1 in the wavelength range of ~300 to 1050 nm with 
0.1 nm intervals.  
Dark-field optical microscopy: Dark field microscopy videos were taken on a Zeiss Axio 
Observer Z1 inverted microscope with an attached Basler acA2000-340kc camera. Videos 
were taken at a frame rate of 20 f·sec-1. A square, double-sided piece of tape with the center 
removed was adhered on a clean glass cover slip to create a fluid chamber (~ 20 µL) and the 
colloidal solution was sandwiched between two cover slips. A 100× objective lens (NA = 
1.25, oil immersion) and a dark filed condenser (NA = 1.2/1.4) were used to collect the light 
scattered from the Au-Fe nanohelices.  
SQUID magnetometer: SQUID measurements were taken of the array of Au-Fe 
nanohelices on a piece of Si wafer (~ 0.5 cm2) out of plane (OOP) at 300 K using a Quantum 
Design magnetic property measurement system (MPMS) magnetometer.  
Numerical simulations: The chiroptical responses of Au-Fe nanohelices for the alignment 
of   = 0
o to 180o were numerically calculated using the DDSCAT implementation of the 
discrete dipole approximation57. Calculations were performed over wavelengths between 200 
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nm and 1100 nm with 18 nm intervals based on the calculated dielectric function of Au-Fe 
with an atomic ratio of 1:1.5.  
Fluid and blood sample preparation: Glycerol-water mixtures were prepared at 
concentrations of 0-50%. The viscosities were based on values found in Ref.58. Polystyrene 
beads of 8 µm diameter suspended in water (PPS-8.0, Kiskerbiotech GmbH, Germany) were 
used for the particle rheology. The volume fraction of the beads was controlled with 2:10 
(17%), 5:10 (33%), 7:10 (41%), 10:10 (50%) volume ratios in water. Blood plasma was 
separated from whole bovine blood stabilized in the anticoagulant citrate dextrose (ACD) 
solution (Fiebig-Nährstofftechnik, Germany) by centrifuging at 2000g for 15 min. For the 
nanorheology measurements, the Au-Fe nanohelices were removed from the wafer by 
sonicating a piece of sample wafer (~ 0.3 cm2) in 1 mL of blood plasma for ~2 min. Samples 
were also prepared with hematocrit by mixing blood plasma with packed erythrocytes at 2:10 
(17%), 5:10 (33%), 7:10 (41%), 10:10 (50%) volume ratios. A rotational rheometer (HAAKE 
RheoStress 1, Thermo Scientific) with a parallel plate geometry was used to measure the 
viscosity, and ~40 mL of blood sample was measured at shear rates ranging from 2 to 100 s-1 
(at a solution temperature of 20oC). 
Nanorheological viscosity measurements: Suspended magnetic nanohelices were 
subjected to rotating magnetic fields over a range of frequencies  = 1 to 80 Hz at 	 = 3 mT 
at T = 20 oC. The amplitude and the phase angle of the CD response at λ = 880 nm were 
measured using a lock-in amplifier referenced to the magnetic field modulation. The phase 
was carefully corrected for phase lags introduced by the frequency dependent inductance of 
the magnetic coils, and the mechanical phase angle was recovered from the optical phase. 
Small volume cuvettes (~ 300 µL) with 1 mm path lengths were used. 
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